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The ‘empty’ tetragonal tungsten bronze Ba4La0.67 1.33Nb10O30 displays both relaxor-like and 
normal dielectric anomalies as a function of temperature; the former is associated with loss of 
ferroelectricity and was proposed to originate from anion disordering [Chem. Mater., 2016, 28, 
4616-4627]. Here we present total neutron scattering and pair distribution function (PDF) analysis 
which shows an increase in the distribution of oxygen-oxygen distances at the relaxor transition 
and which supports the proposed anion disordering mechanism. The disordering process can be 
destabilised by reducing the average A-cation size (i.e. Nd-doping: Ba4(La1-xNdx)0.67Nb10O30); this 
introduces a more strongly propagating tilt system in line with the previously reported crystal-
chemical framework model [Chem. Mater., 2015, 27, 3250-3261]. Mechanical loss data obtained 





After perovskites, tetragonal tungsten bronzes (TTBs) are one of the largest structural families of 
ferroelectrics. The TTB structure consists of a corner-sharing network of BO6 octahedra which 
form three cation sites in the channels between the octahedra1. In most ferroelectric oxide TTBs 
only two of these cation sites, the perovskite-like A1-site and the larger A2-site, are occupied and 
resulting compositions are termed “filled” TTBs. The resulting aristotype unit cell, possessing 
4/mmm symmetry, therefore has the general formula A12A24B12B28O30, although A-site vacancies 
may be present. Distortion of this TTB aristotype is common due to octahedral tilting to relieve 
A-site-generated strain and results in superstructures and incommensurate modulations2-5. In TTBs 
these, often subtle, structural modifications influence whether ferroelectric (FE) or relaxor-
ferroelectric (RFE) behaviour is observed.  
Despite its discovery in the 1950s the nature of relaxor behaviour in ferroelectrics continues to be 
a topic of widespread study. In perovskite materials, relaxor behaviour is often associated with 
cation disorder: this effect is typified by Pb(Sc0.5Ta0.5)O3 which is a ‘normal’ ferroelectric when 
the Sc and Ta are ordered at the B-site, but a relaxor when they are disordered6, while in the 
archetypal relaxor Pb(Mg1/3Nb2/3)O3 (PMN) preservation of local electroneutrality limits ordering 
of Mg2+ and Nb5+ generating polar nanoregions in a non-polar matrix giving rise to chemical 
inhomogeneity and relaxor behaviour7, 8. More recently mesoscale structural variations (in the 
form of octahedral tilting and distortions) have been identified as the origin of relaxor behaviour 
in perovskites such as Na0.5Bi0.5TiO3 (NBT) and related systems9-14. 
Initially a simple cation-disorder picture was also proposed as the origin of relaxor behaviour for 
TTBs such as (Sr,Ba)Nb2O6 (SBN)15, 16. However, an early study by Bursill and Lin5 proposed that 
the incommensurate structure in SBN arose due to partial ordering between two structural subunits 
- this provided an early suggestion as to the true origin of relaxor behaviour in TTBs and it is now 
widely accepted that structural disorder (often giving rise to incommensurations) rather than local 
cation disorder determine relaxor vs normal ferroelectric behaviour in TTBs. In this regard, 
understanding of relaxor behaviour in perovskites and TTBs is now reconverging on the need for 
insights of disorder on varying length-scales, from local (cation) disorder, to mesoscale and long 
range structural variations. 
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The nature of the polar ordering (i.e. normal vs relaxor behaviour) in the filled TTB system, 
Ba4R2Ti4Nb6O30 (R = La3+, Bi3+, Nd3+, Sm3+ and Gd3+) had been linked to particular structural 
changes by Stennett and co-workers.17-21 In these compositions, the R3+ cation fully (and solely) 
occupies the A1-site while Ba2+ is confined to the larger A2-site. When the R cation is 
comparatively small (Nd3+ or smaller), the TTB displays normal ferroelectric behaviour with a 
commensurate √2a0 × √2b0 × 2c0 superstructure (where a0 = b0, c0 represent the aristotype TTB 
cell parameters), space group Ima2; larger cations (La3+ or Bi3+) produce a relaxor response and 
an incommensurate structure which may be approximated with a √2a0 × 2√2b0 × 2c0 unit cell, 
space group Ama2.20 These observations were developed into a crystal-chemical framework 
model22 which predicts the nature of the structural modulations and polar ordering, i.e., whether 
ferroelectric or relaxor behaviour is observed. The resulting properties are a balance of two 
competing forces which favour normal ferroelectric behaviour: the average A-site size, (A1+A2)/2 
which facilitates B-cation displacements along the polar c-axis when the A-cations are large; and 
the tolerance factor, tA1, of the perovskite-like A1-site which determines the degree of octahedral 
tilting and where low values of tA1 result in commensurately modulated tilting. In instances where 
neither parameter dominates, (frustrated) incommensurate tilting and relaxor behaviour ensues.  
The relaxor to ferroelectric crossover has been studied in a number of other TTB systems 
attributing the origin of the behaviour to the average cation size within the A-sites23-25 or the 
anionic sublattice.26, 27 These studies all identify the disruption of long range structural order, 
specifically incommensurate tilt modulations20, 22, 26 or anion disordering as observed in 
commensurate Ba4R0.67Nb10O30 ‘empty’ TTBs,28 as the driver for the onset of relaxor behaviour. 
In the latter ‘empty’ TTB materials, the A1 site is only 1/3 occupied with composition 
Ba4R0.67 1.33Nb10O30 (where R = La, Nd, Sm Gd, Dy, and Y). These display a similar A-cation 
size dependence to that observed in the previously reported filled TTBs (Ba4R2Ti4Nb6O30), with 
normal ferroelectric behaviour being observed for R = Nd and smaller, while in contrast R = La is 
a relaxor ferroelectric.29 The presence of significant (67%) A-site vacancies (hence the term 
‘empty’22, 28, 30) in these systems, however, appears to introduce further complexity with regard to 
structural modulations and order-disorder, particularly when R = La. The crossover from relaxor 
to ‘normal’ ferroelectric behaviour was examined in more detail via the solid solution Ba4(La1-
xNdx)0.67Nb10O30.28 La-rich compounds display an additional feature of electrical field-driven 
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ordering in the temperature regime between the RFE and paraelectric states, (demonstrated by 
‘pinched’ polarisation-electric field (P-E) loops, Figure 1), which corresponds to a disordered 
superstructure28. The stability of this disordered regime has a clear thermal and electric field 
dependence and may be controlled by the average A-cation size (i.e., the ratio of La:Nd)28. 
 
Figure 1. Evolution of relative permittivity, structure and polarisation-electric field (P-E) response 
with temperature for the ‘empty’ TTB Ba4La0.67Nb10O3028. Dielectric data were obtained at 1 kHz 
(green circles), 10 kHz (blue triangles), 100 kHz (red squares) and 1 MHz (black squares). 
Hysteresis data were collected at 10 Hz with Emax of ± 60 kVcm-1. 
Specifically, the composition Ba4La0.67Nb10O30 exhibits both frequency dependent, relaxor-type 
(ca. 260 K) and frequency independent (ca. 480 K) peaks in the dielectric data. Heating through 
the relaxor-like peak is associated both with the loss of ferroelectric switching and onset of a 
pinching of the P-E response; both synchrotron X-ray and neutron powder diffraction suggest no 
change in average symmetry although a change in the thermal expansion is evident. In addition, 
diffuse scattering in selected area electron diffraction (SAED) indicates that in the temperature 
region where pinched P-E loops are observed, disorder exists28. This structural disorder disrupts 
long range polar ordering and accounts for the observed loss of ferroelectricity. Application of an 
electric field reintroduces a large non-linear polarisation of a similar magnitude as in the 
ferroelectric phase, but on removal of the field non-linear depolarisation signifies a 
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“backswitching” event associated with the structural relaxation to the disordered phase. This 
backswitching event occurs against an increasingly large electric field with increasing temperature 
indicating increased stability of the disorder with increasing thermal energy. Similar pinched loops 
in Ba4Sm2Ti4Nb6O30 and Ba4Eu2Ti4Nb6O30 filled TTBs31 (and later in Ba4Sm2Fe0.5Ti3Nb6.5O30)32 
have recently been shown to coincide with a field driven incommensurate to commensurate 
transition using in-situ electron diffraction. It is important to re-emphasise that Ba4La0.67Nb10O30 
is commensurate in the temperature range where pinched P-E loops are observed28. 
The temperature range over which the disordered phase and pinched P-E loops persist in Ba4(La1-
xNdx)0.67Nb10O30 can be reduced by replacement of La with smaller Nd cations at the A1-site. 
Based on the crystal-chemical framework model, with increasing x, the tolerance factor of the 
perovskite unit decreases with concomitant increase in degree of NbO6 octahedral tilting. Greater 
degrees of tilting in turn facilitates long range propagation of a modulated tilt pattern in the ab 
plane and favours ‘normal’ ferroelectric properties. As a result, the temperature range over which 
pinched P-E behaviour is observed decreases: for x = 1 (Ba4Nd0.67Nb10O30) a weakly frequency 
dependent permittivity peak and change from ferroelectric hysteresis to linear P-E behaviour, 
indicating a normal ferroelectric to paraelectric transition. Although pinched P-E loops in 
perovskites have been attributed to arise from antiferroelectric states, field-driven structural 
transitions at temperatures close to phase transitions and extrinsic defects (e.g., defect dipole pairs) 
these were excluded due to thermal history and electric field cycling experiments (see Ref 33 for 
more details). As discussed above, the loss of ferroelectric hysteresis in Ba4(La1-xNdx)0.67Nb10O30 
was attributed to disordering of the anion positions in the ab plane based on SAED observations.  
In this study we investigate in more detail the structural origin and temperature dependence of the 
RFE to polar (but non-ferroelectric) transitions in these ‘empty’ TTBs using total (neutron) 
scattering methods, supported by resonant ultrasound spectroscopy (RUS) measurements. The data 
support our initial hypothesis that such behaviour originates from an anion order-disorder 
transition.28 While this observation is consistent with the crystal-chemical model for TTBs22 it is 
an example of a commensurate TTB relaxor composition. In the wider context of relaxor materials 
it further emphasises the need for complimentary techniques to understand structure on varying 
length scales due to the sensitivity of ferroelectric and dielectric properties to disorder. 
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Experimental Methods 
Samples with composition Ba4(La1-xNdx)0.67Nb10O30 (x = 0, 0.25, 0.5, 0.75, and 1), were 
synthesised using a standard solid-state method as described previously.28 Polycrystalline ceramic 
pellets (> 95% of theoretical density) were used for dielectric and resonant ultrasound spectroscopy 
(RUS) measurements. Finely ground powder produced from crushed pellets prepared under the 
same conditions as for electrical and resonant ultrasound characterisation was used for neutron 
diffraction structural studies; the powder used for neutron diffraction was the same as used in our 
previous study where data were collected on heating between 50 and 600 K.  
Agilent 4294A and Wayne Kerr 6500B impedance analysers were used for dielectric 
measurements which were performed between 40 K and 800 K with the sample mounted in a 
closed-cycle refrigerator and bench top furnace.  
Diffraction data for pair-distribution function (PDF) analysis was collected using the Polaris 
neutron diffractometer at ISIS. A powdered sample (approximately 4.5 g) was loaded into a sealed 
cylindrical vanadium can. Data was collected on heating between 50 to 600 K and scans recorded 
for between 1 to 8 hours. Rietveld refinements were carried out using the General Structure 
Analysis System (GSAS) software package.34 A 12-term Chebyschev background function was 
used to account for background coefficients. Parameters refined were lattice parameters, atomic 
positions, isotropic atomic thermal displacement parameters, appropriate diffractometer constants 
and profile coefficients. Small peaks from the vanadium can were identified in all diffraction 
patterns; these were not included in the refinements. The raw diffraction data were corrected onto 
an absolute scale and Fourier transformed to produce the PDF data using the Gudrun programme 
covering a wave-vector, Q, up to Qmax of 30 Å-1 (see supplementary information, SI, for more 
details). PDF analysis was carried out using the PDFgui software35 using Qbroad and Qdamp terms of 
0.0228 and 0.0223, respectively, which were determined from refinements to data from a silicon 
standard (NIST SRM 640b). Partial PDFs were determined from Reverse Monte Carlo (RMC) 
fitting of PDF data at 50 K using RMCProfile software36 using a pseudocubic box containing 2858 
atoms which was based on a 1 ´ 2 ´ 4 supercell of the Bbm2 structure as determined from Rietveld 
refinements. The A-site vacancies were generated at random and no site swapping was allowed (a 
minimum distance of 1 Å was applied); no other constraints were applied. Maximum move 
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distances of 0.05 and 0.1 Å were used for cations and anions, respectively, and 43154 moves were 
accepted out of 96239 attempts.  
For Resonant Ultrasound Spectroscopy (RUS) experiments, Ba4(La1-xNdx)0.67Nb10O30 pellets were 
cut in the shape of rectangular parallelepipeds with millimetre size dimensions using a fine (∼300 
μm) annular diamond saw lubricated with paraffin. Low-temperature RUS measurements were 
performed by resting the sample between a pair of PZT transducers in a sample holder described 
by Ref 37, inserted into an Orange helium-flow cryostat. For high-temperature RUS measurements 
the samples were held between the ends of two alumina rods inserted into a Netzsch 1600 °C 
furnace, with the driving and pick-up transducers attached to the other end of the rods, outside the 
furnace, as described in Ref 38. Spectra were collected either in cooling or heating sweeps, 
containing 65000 data points between 10 kHz and 1.5 MHz, using dynamic resonance system 
(DRS) Modulus II electronics and Stanford electronics39 for low and high temperature 
measurements, respectively. RUS peak frequencies, f, and widths at half height, Δf, of selected 
resonance peaks were determined by fitting to an asymmetric Lorentzian profile. The elastic 
constants which determine each resonant mode scale with f2, and Δf/f is a measure of acoustic 
attenuation, which is taken here to represent the inverse mechanical quality factor, Q-1. The 
temperature dependence of f2 provides a good representation of the evolution of the shear modulus, 
which is the main contribution to the resonance modes. 
Results and Discussion 
Dielectric Spectroscopy 
Dielectric data for Ba4(La1-xNdx)0.67Nb10O30 all display both a low temperature relaxor-like 
response (e.g. for x = 0, Tm = 293 K for 1 MHz) and a second diffuse, but frequency independent, 
peak in the relative permittivity at higher temperature (T* = 473 K for x = 0 at 1 MHz), Figure 2. 
Note here we use the conventional Tm to denote the permittivity maximum associated with the 
relaxor-like peak and which here is associated with the onset of disorder on heating, and T* to 
indicate the polar to non-polar structural transition; note that the latter is deliberately not 
designated as the Curie temperature, TC, as this does not coincide with the loss of ferroelectric 
behaviour as defined by a switchable remanent polarisation, nor disappearance of spontaneous 
polarisation. A small degree of thermal hysteresis is observed (typically 10-15 K) in the low 
temperature anomaly (Tm); none is observed in the high temperature peak (T*). The dielectric 
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losses, tan δ (Figure 2b), are dominated by the lower temperature response corresponding to the 
relaxor peak observed in the permittivity, Figure 2a. The degree of frequency dependence of Tm 
decreases with increasing x and Ba4Nd0.67Nb10O30 (x = 1.0) is on the cusp of normal vs relaxor 
behaviour and displays an incommensurate structure at room temperature as described 
previously.28 The important point of note is that with increasing x, Tm increases and concomitantly 
T* decreases and coalesce for x ³ 0.75 as summarised in Figure 2c-d.  The relaxor-like peak at Tm 
coincides with the onset of disordering and so the low and high temperature dielectric peaks at Tm 
and T* denote the limits of the disordered (but polar) region.  
 
Figure 2. Relative permittivity (a) and tan δ (b) as a function of frequency and temperature for 
Ba4(La1-xNdx)0.67Nb10O30 (x = 0, 0.25, 0.5, 0.75 and 1); comparison of permittivity (c) and loss (d) 
at 1 MHz. 
An additional feature with small frequency dependence is observed at low temperature (< 100 K), 
most noticeably in the loss data, Figure 2b. Such features are quite commonly observed in low 
temperature dielectric data of TTBs, however the origin(s) of this common feature is not known, 
and several different mechanisms have been proposed for the same composition.40, 41 
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Total Neutron Scattering and Pair Distribution Function (PDF) Analysis 
As a result of streaking of diffraction spots observed in selected area electron diffraction (SAED) 
in our previous study28 and the hypothesis that the transition from relaxor ferroelectric to polar 
non-ferroelectric results from disordering of oxygen positions in the ab-plane, total neutron 
scattering was utilised to probe more closely the local structure and specifically variations in O 
positions as a function of temperature. Total scattering (pair distribution function, PDF) data as a 
function of temperature for Ba4La0.67Nb10O30 are shown in Figure 3a along with the calculated 
PDF generated from the crystal structure as determined from Rietveld refinement of the observed 
Bragg reflections at 50 K in space group Bbm2 as reported previously.28 The data are in good 
agreement but with some subtle differences between the PDF generated from the ‘Bragg structure’ 
and the observed PDFs, particularly in the range 3-4 and 6-8 Å indicating that the ‘average 
structure’ Bragg scattering experiments are unable to detect subtle structural features that can be 
detected using total scattering methods. Importantly, when considering the observed PDF data, 
there is no obvious change associated with the relaxor ferroelectric transition around 280-300 K 
and which is associated with the onset of disordering. In order to probe the local structure in more 
detail, the observed PDF data were fitted using PDFgui.  
 
Figure 3. (a) Evolution of total scattering (PDF) data as a function of temperature. The bottom 
curve shows the PDF calculated from the crystal structure as determined from Rietveld refinement 
to the Bragg reflections at 50 K. (Data are off-set in the y-axis for clarity). (b) Fits to the observed 
data using PDFgui, refined from starting atom positions according to the crystal structures obtained 
by Rietveld refinement: Bbm2 for 50, 250 and 450 K, and Pbam for 600 K. (Black circles, red 
lines and blue lines correspond to observed data, fit and difference curves, respectively). 
Several different refinement methodologies were utilised and subtle differences in the final 
structure were found to depend on both the order of refined parameters and also the structure used 
as a starting point. As the lattice parameters (determined by Rietveld refinements) should be 
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relatively insensitive to local disorder these were used to guide the PDF refinements, however it 
was noted that slight variations in lattice parameters were obtained depending on the exact starting 
model – full details of this methodology can be found in the SI. The lattice parameters obtained 
from refinement to the PDF data (with residuals, Rw < 2.3%) broadly agree with the trend observed 
by synchrotron X-ray diffraction and, importantly, show the same change in linear thermal 
expansion coefficients in the 300 to 450 K range as observed by Gardner et al.28 Refinement 
profiles of the PDF data at several selected temperatures are shown in Figure 3b. The refinement 
obtained at each temperature indicates an excellent fit to the data; the unit cell in each case was 
initially based on Bbm2 (50 to 450 K) and Pbam (550 and 600 K) structures as determined from 
Rietveld refinement to PND data. Note that the Pbam structure was used as a starting point for 
atom positions for 600 K, however, RUS data (discussed below) suggest that the composition is 
tetragonal by this point; the original assignment of the Pbam space group above 470 K is discussed 
in Refs28, 33 and also in the SI. As the Pbam cell is only used for initial atom positions and all 
correlations due to Wyckoff multiplicity is discarded, the final outcome should be the same even 
if a simpler tetragonal cell was used. 
To aid interpretation of the PDF data, fitting to the 50 K data was carried out using the Reverse 
Monte Carlo method using RMCProfile. A simple fitting procedure was adopted as the primary 
aim was simply to generate partial PDFs (see experimental methods for details). A1-site vacancy 
positions were generated at random and no site swapping was allowed as, given the small scattering 
contribution from La (due to the low A-site occupancy in these empty TTBs), refinement of the 
defect (vacancy) positions was likely to be unreliable. The resulting fit to the PDF data at 50 K is 
shown in Figure 4a and is in very good agreement with the data. Importantly, comparison of 
resulting structures and final atom positions between the RMC and PDFgui fits gave near-identical 
results. The individual (partial) PDFs generated from RMCProfile are shown in Figure 4b.  From 
these (weighted) partial PDFs, gij(r), it is evident that the first peak at low r ~1.94 Å corresponds 
to Nb-O nearest neighbour scattering the second peak at ~2.8 Å is almost entirely dominated by 
O-O. With increasing r, the increased mixing of partial PDFs making assignation of changes to 
the total PDF, G(r), difficult.  
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Figure 4. (a) Fit to PDF data at 50 K using RMCProfile based on a pseudo-cubic box with a 1 ´ 2 
´ 4 supercell of the Bbm2 structure (determined by Rietveld refinement) as the starting point for 
atom positions. (b) Calculated weighted partial PDFs, gij(r) – bottom curves, showing individual 
contributions to the overall total PDF, G(r) – top curve. 
The O-O peak at ~2.8 Å (highlighted in Figure 3a) is of interest with regard to possible O-position 
disorder and Figure 5a shows the temperature dependence of this peak together with the lower r 
Nb-O peak at ~1.94 Å for comparative purposes. While both peaks broaden with increasing 
temperature as is to be expected with a broader distribution of interatomic distances due to 
increased thermal motion, it is clear that the increase in O-O distribution is more significant. Each 
peak was fitted to a mixed Gaussian-Lorentzian function42 in order to determine the full-width-
half-maxima (FWHM) and integrated area. The integrated peak area for both remains constant 
indicating that the number of atoms contributing to each peak is constant over the temperature 
range 50 to 600 K, however, the calculated FWHM for the O-O peak at ~2.8 Å, compared to the 
first peak, indicates that the peak is considerably broadened with increasing temperature, and the 
rate of broadening increases above 270 K, Figure 5b. This broadening denotes an increase in the 
 12 
distribution of O-O atomic distances, consistent with anion disorder, although the dramatic 
difference in temperature dependence of the Nb-O and O-O peaks, Figure 5a, may also have some 
contribution from correlated motion (see SI for more details). The onset of the more significant 
peak broadening above ~270 K is consistent with a disordering process and breakdown of Wyckoff 
multiplicity of the oxygen positions within the Bbm2 unit cell (as determined by Rietveld 
refinement) and, given the onset of relaxor-like behaviour observed by the macroscopic dielectric 
measurements, also loss of translational symmetry on longer length scales with regard to the 
oxygen coordinates. 
From further inspection of the PDF data as a function of temperature, Figure 3a, and the weighted 
partial PDFs, Figure 4b, additional features at around 6.4 Å (also highlighted in Figure 3a) can 
also be attributed to O-O interatomic distances and which vary significantly as the temperature 
associated with disorder and relaxor-like behaviour (ca. 280 K) is approached. The evolution of 
this region as a function of temperature is shown in more detail in Figure 5c. At 50 K this region 
consists of a single broad peak but which separates into two distinct peaks by 300 K. The large 
unit cell and number of closely equivalent distances makes precise deconvolution of these features 
difficult, but examination of the structure as determined by PDF-fitting at 50 K identifies that the 
single peak at ~6.41 Å has contribution from axial (c-axis Nb-O) to equatorial (ab-plane Nb-O) 
oxygen-oxygen interatomic distances within the perovskite ‘La0.33NbO3’ structural units of the 
TTB structure, Figure 5d, and also those around the trigonal channel (see Fig S5). With increasing 
temperature, this peak splits into two, with peaks at ~ 6.32 Å and ~ 6.52 Å. The lower r peak is 
now dominated by the trigonal channel O-O octahedra, and the peak ~ 6.52 Å has a large 
contribution from O-O interatomic distances across the pentagonal, A2-cation, channel (i.e. 
between adjacent ‘La0.33NbO3’ units - see Fig S5). A similar peak at ca. 6.5 Å has been observed 
below TC in SBN by Pasciak et al.43 and was assigned to apical and equatorial oxygen distances in 
the TTB structure. The authors attributed the splitting of this peak in SBN with increasing 
temperature to octahedral tilting resulting in long and short O-O distances. A similar evolution is 
expected here, with decreased tilting on heating together with O disorder generating the significant 





Figure 5. Temperature dependence of: (a) the low r peaks which are dominated by Nb-O (~1.94 
Å) and O-O (~2.8 Å) nearest neighbour contributions; and (b) full-width-half-maximum (FWHM) 
showing broadening of the O-O peak (filled squares) in comparison to the Nb-O peak (open 
squares). (c) Enlarged view of the PDF data in the region 6-7 Å, indicating the change in the O-O 
dominated peak on heating through 300 K (associated with the onset of pinched P-E loops); (d) 
central perovskite unit of the TTB structure (determined from PDFgui fitting at 50 K) identifying 
the contribution of axial-equatorial O-O distances to the peak at ca. 6.4 Å (blue dotted lines 
indicate an O-O distance of 6.41 Å). 
For Ba4La0.67Nb10O30 the change in tilting and onset of disorder on heating is self-consistent with 
our crystal-chemical framework model22. The premise of the model is that in the absence of a large 
driving force for tilting, either due to a small A1-cation (low tolerance factor, tA1), or a sufficiently 
large average A-cation size to favour ‘normal’ displacive ferroelectricity, there is no long-range 
modulated tilt pattern, and relaxor behaviour results22. In Ba4La0.67Nb10O30, which is on the edge 
of the relaxor region predicted by the model, the high concentration of vacancies at the A1-site in 
Ba4La0.67Nb10O30 allows additional structural relaxation though O-position variation resulting in a 
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commensurate √2a0 × 2√2b0 × 2c0 supercell (space group Bbm2) defined by the cation positions, 
but with anion disorder. The latter determine the observed relaxor behaviour. 
Resonant Ultrasound Spectroscopy (RUS) 
In Figure 6a, we show segments of the resonance spectra collected on the sample 
Ba4La0.67Nb10O30, during a cooling sequence from 1031 K (top spectrum in top panel) down to 7 
K (bottom spectrum in bottom panel). From the fitting of one of these peaks, the values of f2 and 
Q-1 are obtained (black squares in Figure 6b,c). The peak frequency values f have been normalized 
by the peak frequency at room temperature, f0, for easier comparison between different samples. 
Both cooling and heating sequences yielded similar results. 
At the highest temperature, sharp resonance peaks are observed, steadily increasing in frequency 
with decreasing temperature, due to normal thermal elastic stiffening. However, below 750 K, both 
a marked decrease in peak frequency with a minimum at T = 528 K and a peak broadening around 
this frequency minimum are observed. Although close in temperature to the dielectric anomaly for 
this composition (Figure 2) and which is assigned as the polar (Bbm2) to non-polar (Pbam) 
transition, it is evidently associated with a different transition as observed by the differing 
temperature dependence of this resonance peak compared to the dielectric one (see below for more 
discussion). The observed elastic softening associated with this resonance peak is indicative of a 
ferroelastic phase transition, most likely evidencing the structural transition (Tt-o) from the high-
temperature tetragonal (t) phase (most likely P4/mbm) to the low temperature (also non-polar) 
orthorhombic (o, Pbam) phase. The peak in the acoustic dissipation may relate to the increase in 
the mobility of twin walls below the transition. Note there was no evidence of Tt-o during structural 
analysis above 500 K due to the lack of sufficient data in this range (see SI for details) and the 
dielectric data in this range are dominated by increasing conduction/electrode polarisation. The 
RUS data also show evidence of a second peak associated with the non-polar to polar transition, 
T* ~470 K (this is a non-ferroelastic orthorhombic (Pbam) to orthorhombic (Bbm2) transition).  
Similarly there is no clear feature to distinguish the order-disorder (relaxor) transition at Tm ~ 290 
K. 
Below Tm the resonant frequency reaches a steady value, remains constant down to 80 K and then 
shows a progressive shift to higher values down to the lowest temperature measured (7 K), Figure 
6b. In this temperature range, however, the acoustic loss shows two additional anomalies, Figure 
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6c: a broad peak around 264 K with a Gaussian width of 93 K, and another peak at 56 K that onsets 
at around 80 K. While the low temperature loss peak, together with the stiffening observed can be 
ascribed to a thermally activated relaxation process like the slowing down (freezing onset) of twin 
walls dynamics or some other microstructure, the acoustic loss around 264 K indicates the presence 
of a dynamic microstructure introducing dissipation in a broad range of temperatures, which is 
consistent with anion disorder in the structure as demonstrated by the PDF analysis described 
above. This disorder disrupts the long-range polar ordering,28 leading to a polarization relaxation 
dynamics as evidenced both in the elasticity and dielectric measurements.  
 
Figure 6. (a) Temperature evolution of a segment of RUS spectra corresponding to the sample 
with composition Ba4La0.67Nb10O30, acquired on cooling sequences in the high temperature (top) 
and low temperature (bottom) setups. Each spectrum has been offset up the y-axis in proportion to 
the temperature at which it was collected. (b) Variations with temperature of squared resonance 
frequencies normalized to their value at 300 K (f0), corresponding to the fittings to selected peaks 
of each of the Ba4(La1-xNdx)0.67Nb10O30 samples. The selected peaks show f0 values of 993 kHz (x 
= 0), 728 kHz (x = 0.25), 494 kHz (x = 0.5), 762 kHz (x = 0.75) and 263 kHz (x = 1). Grey dashed 
line is a guide to the eye. (c) Temperature evolution of the Q-1 values obtained from the same 
fittings, arrows indicate peak temperature from Gaussian fittings to loss peaks associated with the 
relaxor peak (Tm) observed in the dielectric data. Plots in (b,c) are shifted vertically for clarity.  
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RUS measurements for the sample with Nd fully substituting La in the A1 site (Ba4Nd0.67Nb10O30, 
x = 1) display a similar temperature dependence of f2 and Q-1 (purple diamonds – top data set – in 
Figure 6b,c) with two main differences: a) both Tt-o and the freezing onset are shifted to higher 
temperatures (Tt-o = 607 K and freezing onset ~ 150 K); and b) no loss peak between these two 
temperatures is observed, thus evidencing the suppression of disorder in this composition, in 
accordance with the recovery of normal ferroelectric behaviour. 
For comparison, samples with intermediate compositions Ba4(La1-xNdx)0.67Nb10O30 (with x = 0.25, 
0.5 and 0.75) were also measured in the RUS setups between 650 and 120 K. From the temperature 
dependence of f2 and Q-1 from selected resonance peaks for each sample, it is observed that Tt-o 
displays a linear dependence with x, Figure 7, showing that an orthorhombic distortion becomes 
progressively more stable with increasing Nd content which is to be expected given the decreasing 
average A-cation size and increased octahedral tilting in the structure. As mentioned above, the 
compositional dependence of this peak in RUS also confirms that this peak is not associated with 
the dielectric anomaly at T*, which, by contrast, moves to lower temperature with increasing x, 
Figure 7.  The clarity of this high temperature feature highlights RUS as a complementary 
technique for study of structural evolution of materials due to the sensitivity of elastic constants to 
structural transitions. 
The peak in the acoustic loss at near-ambient temperatures is observed for all compositions with x 
≤ 1, consistent with Tm as observed in other relaxor TTBs44. The loss peak temperature also 
displays a composition dependence (indicated by arrows in Figure 6c), shifting to higher 
temperatures as x is increased. This behaviour is again consistent with the dielectric data which 
show an increase in the temperature of the dielectric anomaly (Tm) associated with the disordering 
process with increasing x. 
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Figure 7. Variation in transition temperatures as a function x in Ba4(La1-xNdx)0.67Nb10O30; Tm and 
T* denote the order-disorder and polar to non-polar transition temperatures as determined from 
the maxima in dielectric permittivity (at 1 MHz, Figure 2a); Tt-o denotes the suggested transition 
from the high temperature tetragonal (t) to orthorhombic (o) phase as determined from RUS data 
(Figure 6b). Curves are provided only as a guide to the eye. 
 
Summary and Conclusions 
The pair distribution function (PDF) data obtained from total neutron scattering for the empty TTB 
composition Ba4La0.67Nb10O30 shows subtle differences from that generated from the average 
structure as determined from Rietveld refinements. Specifically, variable temperature PDF 
analysis shows a clear change in the O-O distance distribution above ca. 270 K as denoted by the 
change in gradient of the FWHM vs temperature data; this change would not generally be expected 
from increased thermal motion. The increase is consistent with the proposed anion disorder 
associated with the relaxor behaviour and loss of remanent polarisation observed at ca. 270 K 
observed in the electrical response. The PDF data also indicate a change in tilting behaviour of the 
‘La0.33NbO3’ perovskite units in the TTB structure at the order-disorder transition; a bifurcation of 
the PDF peak at ca. 6.4 Å indicates a reduction in the degree of tilting. Resonant ultrasound 
spectroscopy (RUS) data are consistent with the observed structural behaviour: there is no 
observed change in the resonant frequency at the order-disorder transition consistent with the lack 
of change in symmetry, however, the mechanical loss is clearly sensitive to the anion disorder, 
showing a peak at Tm, as is to be expected with an increase in anharmonicity due to the increase in 
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distribution of local O2- environments. In terms of the crystal-chemical framework model for TTBs 
which rationalises relaxor vs. ‘normal’ ferroelectric behaviour, this empty TTB composition is 
expected to exhibit an incommensurate structure and relaxor behaviour when compared to the 
filled composition Ba4La2Ti4Nb6O30, however the combination of reduced tilting in the presence 
of significant A-site vacancies allows structural relaxation of any frustrated tilt modulation via 
anion disorder. In the absence of a propagating (modulated) tilt system Ba4La0.67Nb10O30 therefore 
has a commensurate structure but nevertheless exhibits relaxor behaviour; the anion disorder also 
disrupts the long-range polar ordering giving rise to the collapse of macroscopic polarisation.  
RUS data for the series Ba4(La1-xNdx)0.67Nb10O30 indicate a clear increase in the order-disorder 
transition temperature (Tm) with increasing x in line with the dielectric data and consistent with the 
crystal-chemical framework model where the reduced A1-cation size (decreasing tA1) increases 
the degree of octahedra tilting and delays the onset of disordering. The polar to non-polar transition 
(T*) is not easily identified by RUS, however the data clearly show a higher temperature transition 
presumably to the tetragonal aristotype phase and which increases in temperature with increasing 
x. 
In summary both variable temperature PDF and RUS analysis support the proposed origin of 
relaxor behaviour as an anion order-disorder transition in the empty TTB series Ba4(La1-
xNdx)0.67Nb10O30. This disordering process is responsible for relaxor behaviour and loss of 
macroscopic (long-range) polarisation. Reducing the A1 cation size suppresses disordering by 
inducing a greater degree of tilting. 
Supporting Information 
Details of structural analysis procedures using (neutron) total scattering data; summary of lattice 
parameters; supporting structural analysis at high temperature using synchrotron and neutron 
powder diffraction. 
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